This paper reports on a study of calcium carbonate (CaCO 3 ) precipitation potentials of cooling water (CW) at Eskom power stations. It is important to understand the complexation reaction between calcium and dissolved organic carbon (Ca-DOC) because the natural organic matter (NOM) affects the precipitation potentials of CaCO 3 . Secondly, it is necessary to understand the nature of the organic matter in the cooling and raw water. This study was carried out in raw and cooling water samples collected from Lethabo and Kriel power stations. These power stations obtain their cooling water from the Vaal River and Usuthu schemes, respectively. The DOC concentration in both water systems was higher in winter (little/no rainfall) as compared to spring (more rainfall). Specific ultraviolet absorption (SUVA) was calculated for the raw and cooling water for both stations. The SUVA results obtained for the raw water (RW) indicated that the NOM had a high degree of aromaticity (humic substances), whereas for the recycled CW the NOM present was found to be less aromatic. The Visual MINTEQ data for the winter sampling indicated that both Lethabo and Kriel were supplied by raw water that was under-saturated with respect to CaCO 3 , with saturation indices (SI) of −0.29 and −0.43, respectively. In addition, the % Ca-DOC in the raw water at Lethabo was 2.01 compared to 3.08 in the raw water at the Kriel plant. Therefore this study gives an indication that % Ca-DOC is one of the factors that affect the CaCO 3 precipitation potentials. The difference in SUVA-254 values for both stations has been identified and requires further investigation. The SUVA values help in identifying the type of fractions that make up the NOM. The interaction between calcium/magnesium and NOM determines the potential for CaCO 3 to form scale in condenser tubes carrying cooling water in the power generation plants at Eskom.
INTRODUCTION
The presence of natural organic matter (NOM) in raw water (RW) is mainly due to the degradation of organic substances arising from agricultural as well as human activity (Zazouli et al., 2007) . Over the past 5 to 10 years, the concentration of NOM in natural water sources has greatly increased, due to an increase in domestic, industrial and agricultural activities in most catchments; raw water quality has thus deteriorated (Nkambule et al., 2012) . The effects of this phenomenon have been experienced by Eskom, South Africa's national power utility.
The cooling water (CW) systems at most Eskom power stations are open evaporative wet-cooled systems. The water in these systems becomes concentrated as there is water loss due to evaporation. The chemical indicator for this concentration is generally measured by the concentration of sulphate, chloride and alkalinity. Make-up water (raw water) is added to the cooling water system to control the chemistry of the cooling system. This concentration mechanism is referred to as cycles of concentrations (COC) and is governed by the system design and the supplied raw water quality.
The identification of NOM in the raw water is important as these compounds form complexes with metals such as calcium and magnesium in the CW (Gericke, 2002; Wu et al., 2004) . The metal-dissolved organic carbon (DOC) complex affects the precipitation potential of the CW as complexation with NOM will leave less of the 'free metal' in solution to cause scaling in the condenser tubes. Scaling in the condenser tubes needs to be minimized as it affects their heat transfer and efficiency (Madhav and Gericke, 2011; Wu et al., 2004; Zhou et al., 2005) .
To understand the impact of NOM on CW chemistry, it is important to study the various fractions of organics in the raw and cooling water, as this enables better understanding of metal-DOC complexation and hence of the precipitation potential of the CW. NOM can generally be divided into two components, namely, hydrophobic or humic substances (HS) and hydrophilic or non-humic substances (non-HS) (Scapini et al., 2013) . The specific ultraviolet absorbance at 254 nm (SUVA -254) technique is used to identify whether the water contains HS or non-HS (Hur et al., 2011; Meng et al., 2013; Nkambule et al., 2012; Zazouli et al., 2007) . SUVA is calculated as follows (Nkambule et al., 2012; Selburg et al., 2011) :
In general, if the SUVA-254 value is greater than 4 it is an indication that the sample contains a relatively high content of aromatic compounds such as HS. If, on the other hand, the SUVA-254 value is below 2, it is considered to indicate that the sample has a relatively low content of aromatic compounds (non-HS) (Nkambule et al., 2012) . SUVA has generally been used to identify the types of organic fractions associated with DOC. In this study, it was of interest to investigate the nature of interaction between the DOC and metals such as Ca and Mg and the effects of this interaction on the saturation index (SI) in CW. We studied the metal-DOC complexation by making use of a chemical modelling program called Visual MINTEQ (Lu and Allen, 2002) . We sampled the cooling water and raw water at both Lethabo and Kriel power stations. It was anticipated that metal-DOC complexation would most likely provide a better understanding of the precipitation of CaCO 3 , and thereby result in improved operational intervention in terms of water quality control at Eskom power stations. The study aimed to understand the complexation reaction between Ca and DOC because the NOM affects the precipitation potentials of CaCO 3 and therefore scale formation inside the condenser tubes at the power stations.
EXPERIMENTAL Sampling methodology
The raw and cooling water samples were collected in 2 000 mL clean polyethylene plastic sampling bottles using the grab sampling technique. The sample bottles were rinsed 3 times with the sample before the sample bottle was filled to capacity. Winter samples were taken daily in the first two weeks of July (2013) and spring samples were taken just after the first spring rains in October (2013) over a 2-week period on a daily basis. The pH and alkalinity of the samples were recorded at the laboratory and samples were then refrigerated immediately.
Reagents and standard solutions
All reagents were of analytical grade and Millipore water (0.05 µS/cm) was used to prepare the standards. The calibration standards were purchased from Spectrascan (South Africa) and Merck (South Africa). The following metals were purchased from Spectrascan: Al, Ba, Be, B, Cd, Cu, Fe, K, Mn, Pb, Ni, Sr and Zn. The standards for Ca, Co, Cr, Mg, Na were purchased from Merck. The alkalinity of the sample was determined by electrometric titration; 25.00 mL of the sample was titrated with a standardized solution of 0.02 N nitric acid (65%) until the end point was reached. The nitric acid was purchased from Associated Chemical Enterprises. Sodium carbonate anhydrous (99.5%, Merck) was used as the calibration standard. The buffers (pH 4, 7, 9) used for the calibration of the pH meter were obtained from Metrohm (South Africa). The quality control standard (pH 7) was obtained from Merck (South Africa). For the TOC analysis, the samples were first filtered through a 0.45 µm filter before being analysed. Potassium hydrogen phthalate (99.5%, Associated Chemical Enterprises) was used to prepare the calibration standards. The potassium hydrogen phthalate (99.5%, AR grade) used for the quality control standard was obtained from Merck. For the analysis of anions, the eluent used was a mixture of 3.5 mM anhydrous sodium carbonate (99.5%, Merck) and 1.0 mM sodium bicarbonate (99.0%, Merck). The calibration standards for the anion analyses were purchased from Merck, South Africa and these include NaF, NaNO 3 , NaNO 2 , anhydrous Na 2 SO 4 and NaCl. For the UV 254 measurements, the samples were first filtered through a 0.45 µm syringe filter (purchased from Separations). Sodium metasilicate pentahydrate (55.5% dry solids, AR grade, Associated Chemical Enterprises) was used to prepare the calibration standards and sodium metasilicate nonahydrate (47.5% total solids, AR grade, Associated Chemical Enterprises) was used for the quality control.
Instrumentation
The metal ions were determined using inductively coupled plasma atomic emission spectrometry (ICP). The ICP model used was a Perkin Elmer Optima, 4300 DV. Prior to analysis the samples were filtered through a 0.22 µm syringe filter (purchased from Separations, South Africa). The alkalinity and pH measurements were carried out using the Metrohm 862 compact Titrosampler. The anions in the sample were analysed using ion chromatography (IC). The IC model used was the Dionex ICS. The column used for the analyses was the Dionex IonPac AS914 (Analytical 4x250 mm) and the Guard column used was Dionex IonPac AG14 (Guard 4x50 mm). The TOC and DOC analyses were carried out on the ElementarVario. Reactive silica was analysed using the Genesys 10UV scanning spectrophotometer from Thermo Scientific.
RESULTS AND DISCUSSION

Main physico-chemical water characteristics
A number of physico-chemical parameters control scale-forming processes at Eskom power stations. For example, the pH and temperature are known to affect precipitation and dissolution of a number of compounds. Notably, these processes are the main causes of the scale that forms on condenser walls and will depend on the concentration of cations, anions and the DOC/TOC levels. Table 1 shows the main physico-chemical water characteristics of the raw and cooling water at Lethabo and Kriel. These power stations obtain their cooling water from the Vaal River and Usuthu schemes, respectively. These main physico-chemical parameters govern the interaction between scale-forming metals (i.e. Ca and Mg) and the anions in water to form various mineral assemblages. The models for Ca mineral phases are discussed later. The results showed that the pH in raw water at the two stations was independent of the season. In this study, therefore, the speciation of the mineral phases depended on the alkalinity, TOC and other elements in the water matrix. The cooling water exhibited higher TDS and TOC levels as compared to those in raw water, at both power stations and regardless of the season. This trend was also observed for nitrate, fluoride, chloride and sulphate levels. The formation of insoluble mineral phases such as CaCO 3 constitute scale. Calcium precipitation is influenced not just by physico-chemical parameters, but by a combination of other characteristics including the concentration of metals, anions and other electrolytes in water. It was therefore important to fully characterize the water under study and quantify the amount of Ca and Mg. As discussed later, in the modelling section ('Modelling of Ca mineral phases and complexation'), Mg and Ca form combined mineral phases which also affect CaCO 3 precipitation or dissolution.
Dissolved organic carbon (DOC) and SUVA implications
As shown in impact on NOM in the CW. This could lead to degradation and reconstitution of smaller molecules to form different organic compounds from the ones in raw water.
The raw water at Kriel and Lethabo was also sampled during spring (Table 3 ) and the concentration of DOC at Lethabo was similar to the DOC during winter (3.89 mg/L and 4.01 mg/L, respectively). At Kriel, however, the concentration of DOC in the raw water decreased during spring (5.31 mg/L) as compared to winter (6.99 mg/L). The reason for this is that during the dry season (winter) there is little or no rainfall and thus higher DOC concentrations. The early spring rains have a dilution effect on different, the SUVA values for each of these samples indicated that, in both instances, the water contained a mixture of aquatic humic substances and a mixture of hydrophobic and hydrophylic NOM. Higher SUVA values indicate the ease with which water can be clarified. The DOC concentrations increased in cooling water, i.e, to 38.9 mg/L at Lethabo and 43.9 mg/L at Kriel. This is expected because the raw water used for cooling is recycled over time. For this reason, the cooling water gets relatively more saturated with ions and suspended solids. The results of this study show lower SUVA values for CW than raw water. This indicated that the NOM composition changed to a lower degree of aromaticty (non-humic substances). The operation of the CW system, including the cycles of concentration and thermodynamic effects, has an the DOC. Similar to what was observed during winter, analyses of the raw water quality during spring for both Kriel and Lethabo (from SUVA results) indicated that the water contained a mixture of both hydophobic and hydrophilic compounds. The DOC concentration in the cooling water at Kriel during spring was lower (24.9 mg/L) than in winter (43.9 mg/L). The trend for DOC concentration demonstrated in this study is similar to that observed by Nkambule and co-workers (2012) who analysed various surface waters around South Africa.
Modelling of Ca mineral phases and complexation
The objective of modelling was to describe scaling in terms of saturation indices of mineral phases. Saturation index calculations of scaling mineral phases were generated by the Visual MINTEQ computer code for simulative models. This was achieved by entering the values obtained experimentally for pH, temperature, alkalinity, cations and anions into the NICAdonnan database. Firstly, pH was fixed in Visual MINTEQ and the ionic strength was calculated accordingly. Secondly, all of the other parameters were inputted to the DOC (NICADonnan) model. Using the Davies activity coefficients, the various mineral phases were generated. Selected saturation indices for Ca and Mg phases are tabulated (Table 4) . At Lethabo Power Station, the results generated showed that dolomite (ordered and disordered), aragonite, calcite and vaterite mineral phases had positive saturation indices in cooling water during both seasons. The magnitude of the precipitation potentials of these phases was, however, different at Kriel Power Station. The relatively lower pH in the cooling water at this station decreased the potential of the CW to precipitate (form scale).
The typical cooling water system at Eskom undergoes continuous recycling processes which in turn also concentrate the organic constituents. The DOC plays an important role in sequestering the scale-forming cations. Essentially, scale formation could be reduced by decreasing the concentration of free Ca ion, as well as other ions that combine with anions to form precipitates. If Ca ion binds with organic compounds it will form discrete chemical complexes, a process that will reduce the concentration of free Ca ions in solution, hence reducing the scaling potential. In essence Ca-DOC complexes will reduce scaling. Figure 1 shows the percentage of Ca complexed to DOC in both the raw and cooling water at Lethabo and Kriel. The graph also illustrates the seasonal effect of metal-DOC complexation. These results were generated by the DOC (NICA-Donnan) database in Visual MINTEQ. For the purposes of this report: % Ca-DOC = mass of Ca bound to DOC × 100 (2) mass of total Ca
Using Formula 2 in Visual MINTEQ, the mass of Ca bound to DOC was obtained. The calculated SI in terms of CaCO 3 as well as the %Ca-DOC are shown in Table 4 and Fig. 1 . For SI, a negative value indicates that water is undersaturated with respect to CaCO 3 and a positive value indicates that the water is oversaturated in terms of CaCO 3 and has the potential to form Table 4 indicate that the raw water from Kriel (winter) was more undersaturated (SI = −0.43) than the raw water from Lethabo (SI = −0.29). For the CW (winter sampling), Lethabo was more oversaturated than Kriel. This data closely agrees with the results obtained for %Ca-DOC as shown in Fig. 1 . The understanding is that the more Ca that complexes with DOC, the less the 'free' Ca in solution, which is required to cause scaling; this phenomenon was also observed by Khumalo (2006) . Results also indicated that the %Ca-DOC in the CW at Lethabo and Kriel during winter was similar, i.e. 2.75% and 2.73%, respectively. The SI however indicated that the CW at Lethabo is slightly more oversaturated (0.94) as compared to the CW at Kriel (0.76). This indicates that CW chemistry is complex and that metal-DOC complexation is only one of the many aspects that affect the CaCO 3 precipitation potentials. The general trend during winter was that the %Ca-DOC was higher compared to that measured in summer, irrepective of the station or type of water being analysed. The implication of this observation is that Ca precipitation in CW condenser tubes is unlikely to occur in winter, whereas there is a high probability that in summer the stations will experience Ca-precipitation and hence condenser tube scaling.
CONCLUSION
In conclusion, the above study has shown that the saturation index of the cooling water decreases as the %Ca-DOC concentration increases, and hence the scale formation of the water decreases. The raw water for both Lethabo and Kriel has a higher degree of aromaticity as compared to the recycled cooling water, where the water is concentrated with dissolved solutes due to the evaporative cooling process, with repeated circulation cycles. The reason for this change in aromaticity is yet unknown and forms the basis for further research toward a better understanding of Ca-DOC complexation and the impact of specific natural organic species on the scaling potential in cooling water systems.
